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The strengthened environmental laws require the power plants to reduce the emissions. Flue gas desulphurization and
deNOx involve adding chemicals to the ﬂow stream, thereby resulting in increased mass ﬂow. This problem could be over-
come by reducing the pressure drop in the duct work and stack combination, so that a higher ﬂow at reduced pressure drop
can be handled by the existing fans. In this study, a power plant stack model of 1:40 was investigated numerically. The
pressure reduction was achieved by introduction of baﬄes with various orientations and turning vanes at the inlet of
the stack. The ﬂows were modeled and analyzed using commercial computational ﬂuid dynamics (CFD) software Fluent
6.2. The numerical results were validated with the experimental data. The 30 baﬄe without turning vanes was found to be
the optimum baﬄe angle in terms of the pressure loss reduction. Variation of axial velocity, swirling component and tur-
bulence kinetic energy along the axis of the stack was analyzed to understand the mechanism of the pressure loss reduction
in a power plant stack. Guidelines for further pressure loss reduction were provided based on the insight gained from the
simulation results.
 2006 Elsevier Inc. All rights reserved.
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One of the major parts of a coal-ﬁred power plant is the stack, which serves to exhaust and disperse ﬂue
gases from the boiler into the atmosphere. During the lifespan of a stack, it is exposed to a variety of changes
including variations in plant production, energy requirements, and environmental regulations.
As government regulations on the emission of the power industry become more restrictive, many power
plants operating today experience severe problems. Mass ﬂow rates in the stack are increased by the additives
used for emission control. Since the existing draught system cannot handle the increased load, one way of han-
dling this situation would be to reduce the load on the unit, but derating of units would lead to a decrease in
the output of the power plant.0307-904X/$ - see front matter  2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.apm.2006.06.016
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As coal contains nitrogen, sulfur, and other elements, coal combustion can result in the emission of pollu-
tants like nitrogen and sulfur oxides (SOx and NOx). These emissions are linked to acid rain, photochemical
smog, and troposphere ozone destruction. This has led the government to make regulations on the emission of
the power industry and to development of technologies to reduce SOx and NOx. Various technologies have
been developed and used to reduce these emissions, and research is underway to improve their processing
and economic performance. However, these techniques result in additional ﬂows along with the ﬂue gas ﬂow
[1]. Thus, more power is required to drive the ﬂue gases out. Since the existing induced draught fans already
operate at full capacity, this problem can be handled in one of the two diﬀerent ways. The ﬁrst and more
expensive method is to retroﬁt the unit with fans of higher capacity. The second is to reduce the pressure drop
in the stack so that a higher ﬂow at reduced pressure drop can be handled by the existing fans. The second
approach is much more economical.
1.2. Literature review
Flows in curved ducts occur in various engineering devices such as piping systems of industrial plants, ﬂuid
turbo-machinery, and heat exchangers. Generation of streamwise vorticity or secondary motion makes the
ﬂow structure complicated and causes a larger pressure loss in the duct when compared to straight ducts.
There has been great number of theoretical, experimental, and numerical investigations on curved ducts.
A number of experimental studies has been reported on the pressure losses and ﬂow structures in turbulent
ﬂow in pipe bends of circular and square cross sections [2–7], various bend angles [8–10], and with turning
vanes [3,11]. It was shown that the pressure loss coeﬃcient, velocity distribution, and turbulent intensities were
strongly inﬂuenced by the bend angle, Reynolds number, and the turning vanes.
On the numerical side, most reported research of turbulent ﬂow in a curved pipe bend employed the stan-
dard k–e model with wall functions [12–17]. Most papers observed that the calculated velocity ﬁeld and tur-
bulent quantities were in reasonably good agreement with the measurements. Haskew et al. [18] analyzed
turbulent ﬂow in an 80 pipe bend that incorporates two turning vanes. It was observed that the pressure loss
in the simpliﬁed vane bend was 76.8% of the unvaned bend. Modi et al. [19] conducted a numerical investi-
gation to study the optimum location of guide vanes and observed that velocity proﬁle was uniformly
improved by the use of vanes in most cases. However, in some cases, use of one or more guide vanes increased
the pressure loss coeﬃcient due to the increase in skin friction losses on the vanes.
In summary, extensive experimental and numerical analysis of ﬂow in a bend has been performed with
focus on the ﬂow characteristics and turbulence quantities. Several papers reported that a pressure loss reduc-
tion can be achieved by introduction of vanes in the curved bends. However, to the best knowledge of the
authors, no work has been done speciﬁcally on pressure drop reduction in a power plant stack by means
of introduction of baﬄes and/or turning vanes. The ﬂow in a power plant stack is quite complicated and there
is research need to study the mechanism of pressure loss reduction in such a problem.
1.3. Objectives
The main objective of this research is to study the mechanism of pressure loss reduction by using baﬄes
and/or turning vanes, and to identify the optimum baﬄe angle for pressure drop reduction in a power plant
stack, both experimentally and numerically. The pressure reduction is achieved by introduction of baﬄes with
diﬀerent orientations and turning vanes at the inlet of the stack. As pressure drop is deﬁned in terms of loss
coeﬃcient, the loss coeﬃcients for diﬀerent geometric models will be studied and validated by the data taken
from experimental measurements done on a 1:40 scale model.
The present paper is organized as follows: the numerical method is presented in Section 2, validation of the
numerical results against experimental measurements is discussed in Section 3. Section 4 is concerned with the
mechanism of the pressure loss reduction. A parametric study with ﬂow modiﬁcations is presented in Sections
5 and 6 provides conclusions of this study.
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For the present study, FLUENT 6.2 is used as the CFD solver. Air was taken as the ﬂuid and was assumed
to be incompressible. The mass conservation equation isoðqUiÞ
oxi
¼ 0; ð1Þwhere q is the density of the ﬂuid, Ui are the Cartesian velocity component (i = 1, 2 and 3), xi are the coor-
dinate axes, and the repeated indices imply summation over 1–3. The Reynolds averaged momentum equa-
tions are deﬁned asq
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qkdij: ð3ÞHere lt is the eddy viscosity, k is the turbulent kinetic energy, dij is the kronecker symbol.
The turbulence model used in this investigation is the standard k–e model (where e is energy dissipation
rate). The eddy viscosity is deﬁned aslt ¼ Clq
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e
; ð4Þwhere Cl is a constant and is equal to 0.09. The turbulence kinetic energy k and its rate of dissipation e are
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, and closure coeﬃcients, Ce1 = 1.44, Ce2 = 1.92, rk = 1.0, re = 1.3.
In the present study, second-order upwind scheme has been applied for all numerical simulations. A second
order upwind scheme was used to avoid numerical oscillations and instability associated with central diﬀerenc-
ing for convective terms in the transport equation and to increase the accuracy of solutions. The coupling
between the velocity ﬁeld and pressure ﬁeld is strong for incompressible ﬂows. The SIMPLE algorithm was
employed to relate velocity and pressure corrections to enforce mass conservation and to obtain the pressure
ﬁeld [20].
3. Experimental results and code validation
3.1. Experimental setup
A 1:40 scale model of a smokestack that consisted of an entrance manifold, a transition section, and a stack
was constructed (Fig. 1). The entrance manifold was made from 24-gauge galvanized steel sheeting. The sides
were held together by tack welds throughout the length and were lined with duct tape to prevent leaks. The
manifold consisted of eight entrance regions, each measuring 0.069 m · 0.084 m, along its 2.743 m length sym-
metrically. Starting with a cross section on the ends of 0.076 m · 0.152 m, the manifold expanded twice. A
square opening was used as entrance to the transition section at the center of the manifold. The stack was
modeled using a 0.305 m diameter acrylic pipe and it was connected to the manifold using a transition section.
The stack was 5.49 m long. Airﬂow through the stack was induced by a 20-hp centrifugal blower. Fig. 2
Fig. 1. A photograph of the stack model with eight inlets.
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tion section, and stack. Detailed description of the experiments can be found in Ballard [21].
To reduce the pressure loss, baﬄes and turning vanes in the stack at the transition junction were intro-
duced. Baﬄes were created using 6.35 mm plywood. Four diﬀerent angles of h (Fig. 2) of 0, 20, 30 and
40 were studied and baﬄe positions are shown in Fig. 3. The turning vanes were made from a quarter section
of 6.35 mm acrylic pipe. A picture of the turning vane is shown in Fig. 4. Pressure taps were mounted on the
stack model at upstream plane (Plane 1) and downstream plane (Plane 2) as shown in Fig. 5. Static pressures
of the system were measured using electronic manometers after a steady state was obtained.
The pressure loss coeﬃcient is a common way to describe a pressure loss in a system and the equation for
the loss coeﬃcient is shown in Eq. (7).C ¼ ðP s;0  P s;2Þ þ
1
2
qðV 20  V 22Þ
1
2
qV 22
; ð7Þwhere suﬃx 0 represents at inlet (Plane 0), suﬃx 2 represent downstream location (Plane 2) as shown in Fig. 5,
Ps,0 and Ps,2 are the local static pressures, q is the density of the ﬂuid, and V0 and V2 are the average velocities
of the ﬂuid. Static pressure upstream was measured at the transition section. Thus, Ps,0 = Patm, V0  0. The
value for V2 was determined by calculating airﬂow through the nozzle chamber based on measurements of the
chamber static pressure, temperature and pressure drop across the nozzles. Then, velocity in the test section of
the stack, V2 was calculated by applying the continuity equation. The loss coeﬃcient in the stack is given by
Eq. (8).
Fig. 2. Stack model in the numerical analysis.
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Pv
; ð8Þwhere Pg,2 is the gauge pressure in downstream region, and dynamic pressure Pv ¼ 12qV 22.
The stack was connected to a blower in the suction mode, and higher mass ﬂow rates were observed at the
inlets near the transition section and decrease towards the farther ends. Thus the mass ﬂow rates for all the eight
inlets are not equal. Loss coeﬃcients for the stack with diﬀerent baﬄe and/or turning vanes were measured.
Table 1 shows the loss coeﬃcient values for diﬀerent baﬄe positions and/or turning vanes for a Reynolds num-
ber based on the stack diameter of approximately 400,000. From Table 1 it can be observed that without baﬄe,
the loss coeﬃcient was the highest, adding baﬄe reduced the pressure loss, there was a decrease in the loss coef-
ﬁcient until an optimum angle of 30 baﬄe position, and then an increase in the value was observed.
Turning vanes were introduced at the entrance of the stack with the optimum 30 baﬄe angle. However, the
introduction of two turning vanes at the entrance was not helpful in decreasing the pressure loss coeﬃcient value.
3.2. Simulation setup
The numerical model of power plant stack consisting of an entrance manifold, a transition section,
and a stack was constructed using Gambit 2.2. When baﬄes were introduced, there was no ﬂuid ﬂow in
Fig. 3. Illustrations showing the baﬄe angles. (a) No baﬄe case, (b) 0 case, and (c) 30 case.
Fig. 4. Two turning vanes installed in the stack model.
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Fig. 5. Stack model showing diﬀerent planes and baﬄe position. (Not to scale.)
Table 1
Comparison of pressure loss coeﬃcient for diﬀerent baﬄe angles
Baﬄe position Loss coeﬃcient C Error (%)
Experimental measurements Numerical method
No baﬄe 9.57 8.28 13.5
0 Baﬄe 8.98 7.71 14.1
20 Baﬄe 8.91 7.33 17.7
30 Baﬄe 8.85 7.20 18.6
40 Baﬄe 9.06 7.25 20.0
No baﬄe with vanes – 7.64 –
0 Baﬄe with vanes – 7.43 –
20 Baﬄe with vanes – 7.37 –
30 Baﬄe with vanes 8.91 7.30 8.1
40 Baﬄe with vanes – 7.47 –
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(Fig. 3).
An unstructured grid using T-grid mesh scheme was generated. As the velocity gradients were high in the
entrance manifold, transition section, and at the entrance of the stack, a relatively reﬁned grid was used in
these regions. Fig. 6 shows the numerical grid in which a ﬁne grid was generated at the entrance of the stack.
The total number of elements for a typical simulation was around 1 million. To establish grid independent
solutions, another mesh of 1.5 million elements was generated. The results from the reﬁned mesh essentially
were identical to the pressure values obtained from the 1 million mesh (with less than 1.5% diﬀerence), thus the
results from the 1 million mesh were considered grid independent and were presented in this paper.
In the experiments the outlet of the stack was connected to a blower in the suction mode via a nozzle cham-
ber to create a negative pressure so that it sucks the air from the eight inlets that are open to atmosphere. To
match this in the numerical analysis, ‘‘pressure inlet’’ and ‘‘pressure outlet’’ boundary conditions were
imposed at inlets and outlet of the stack respectively. As the eight inlets were open to atmosphere, a zero
Pascal total pressure was imposed to mimic this condition. The direction of the velocity at these inlets was
Fig. 6. Mesh of stack model used in the numerical analysis.
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at the inlets. Since the air enters the inlets from the ambient, low level (1%) of turbulence with the length scale
of the inlet dimension were speciﬁed at these eight inlets. A negative pressure obtained from experiment was
imposed at the pressure outlet. The mass ﬂow rate obtained from measurements was imposed as the target
mass ﬂow rate at the outlet. A medium of level of turbulence (5%) was imposed and the diameter of the stack
was speciﬁed as the length scale at the outlet. A no-slip condition was speciﬁed at all the walls, baﬄes and solid
boundaries on the turning vane surfaces. As the entrance manifold is made of Galvanized Iron sheet, a rough-
ness height was considered on the walls of the entrance manifold. The roughness height was taken to be
0.15 mm [22].
Typical numerical simulations were solved iteratively for 3000 iterations and the residuals were found to
reduce by four orders. A typical numerical simulation on Dell 8250 Machines with two 3.2 GHz – P4 pro-
cessors and 2.00 GB Ram took approximately 18 h on a mesh of 1 million volume elements.
3.3. Validation of the numerical method
Pressure loss coeﬃcient (Eq. (8)) for diﬀerent baﬄe angles was obtained numerically and compared to the
experimental results (Table 1) and the same were plotted in Fig. 7. A similar trend of decrease and increase of
loss coeﬃcients in both numerical and experimental analysis was observed.
Although qualitatively, the numerical loss coeﬃcients agree well with the measurements, there exists a
quantitative discrepancy. This discrepancy in the solution might be due to minor diﬀerences in the geometries
of experimental and numerical models. All dimensions in numerical model were modeled based on the blue-
print of the model and there might be small geometric irregularities in the experimental setup. As the ﬂow
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Fig. 7. Variation of pressure loss coeﬃcient with baﬄe position.
M. Lakshmiraju, J. Cui / Applied Mathematical Modelling 31 (2007) 1915–1933 1923direction changes rapidly before entering the stack, the mesh size might not be ﬁne enough to capture the ﬂow
details. However, further reﬁnement of the mesh was limited by the computer hardware capacity. In this study,
the two-equation standard k–e turbulence model was used. However, it is well known that this model provides
poor prediction of ﬂows over highly curved surfaces, which was the case for ﬂow in a stack model, and
improvement can be achieved by using more advanced turbulence models at the expense of much higher com-
putational time, such as Reynolds Stress Model [23].
It is also observed that after a certain optimum baﬄe angle, an increase in the pressure loss coeﬃcient was
observed. When baﬄe angle is too large the baﬄe itself obstructs the ﬂow entering the stack due to the reduc-
tion in the hydraulic diameter at the stack entrance, thus introducing additional resistance to the ﬂow by itself.
It can be clearly seen under the current ﬂow condition, angles higher than 30 increased the pressure loss coef-
ﬁcient and therefore higher angles were not recommended.
The rapid variations in the ﬂow direction associated with the bend at the transition section can be con-
trolled to some extent by the use of guide vanes. The introduction of vanes splits the ﬂow passages into small
channels. But introduction of turning vanes was seen not to contribute to the reduction of the pressure loss
coeﬃcient. The reason for this is attributed to the increased skin friction upon the introduction of vanes. Thus,
any gains in the reduction of the wake friction are canceled by increased skin friction losses.
Fig. 8 presents the calculated mass ﬂow rate of all eight inlets and outlet for no baﬄe case for a mass ﬂow
rate of 1.766 kg/s. In the experiment, with the stack outlet connected to the blower in the suction mode, higher
mass ﬂow rates were observed at the inlets near the transition section and there was a decrease in these ﬂow
rates towards the farther ends [21]. Fig. 8 indicates that this observation was conﬁrmed by the numerical anal-
ysis. As inlets 4 and 5 were closer to the transition section, the mass ﬂow rate was higher when compared to
other inlets. A decrease in the mass ﬂow rate in the inlets was seen for farther inlets due to increased resistance.
Symmetry in the inlet mass ﬂow rates was also observed i.e., mass ﬂow rates of 1 and 8, 2 and 7, 3 and 6, and 4
and 5 were found to be equal.
Although there was a quantitative discrepancy in the value of pressure loss coeﬃcient with an error up to
20%, a similar trend of decrease and increase in the value was observed in both numerical and experimental
methods with varying baﬄe positions. Therefore, the present numerical method was considered as validated
and the same method is used for the extension of the present study.
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Fig. 8. Variation of mass ﬂow rate at the inlets of the stack model for no baﬄe case.
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In this section, velocity and turbulent kinetic energy proﬁles along the stack axis were plotted to understand
the mechanism of the pressure loss reduction by introduction of baﬄes and/or turning vanes.
4.1. Simulation results
Fig. 9 shows the variation of the axial velocity component along the stack axis on the plane passing through
the stack axis and perpendicular to the entrance manifold axis (YZ plane), for diﬀerent baﬄe positions at axial
locations of 1.5D, 2D, 5D, 8D, 11D, 14D, and 17D downstream, where D is the diameter of the stack model
and the distance were measured form the closed end of the stack. As the ﬂuid takes a sudden change in ﬂow
direction at the stack entrance, separation occurred as evidenced by the negative axial velocity near the inner
wall at the entrance. High velocities were observed in all cases near the outer walls due to the ﬂow acceleration
at the entrance of the stack. To better illustrate the rapid ﬂow change near the entrance, the proﬁles at 1.5D
and 2D were distanced in all the ﬁgures. In the following discussions, the term ‘‘outer’’ and ‘‘inner’’ are with
respect to the turning center at the entrance, i.e., ﬂow comes in the negative z-direction and turns to positive y-
direction, then the inner wall is the high z wall and the outer wall is the low z wall along the stack. In no baﬄe
case, a switch in high velocities from outer walls to the inner walls was observed along the stack axis. That is,
high velocities were observed at 1.5D and 2D near the outer wall, then a switch to inner wall at 5D and 8D and
again switch to outer wall at 11D. Similar velocity proﬁles were also observed in 0 baﬄe case. This is the indi-
cation of swirling motion generated when the ﬂow takes a sharp turn at the entrance. Introduction of baﬄe
with an angle guides the ﬂow which results in decrease of the swirling motion. High velocities were observed
only along the outer walls for 20, 30, and 40 baﬄe cases.
Fig. 10 shows the variation of the axial velocity component along the stack axis for diﬀerent baﬄe angles
with turning vanes. As the ﬂow entering the stack was guided by the baﬄe and the turning vanes the swirl
component was less when compared to the cases without turning vanes. In all cases, variation of high velo-
cities from the outer wall to inner wall along the stack length were not observed.
Fig. 11 shows the variation of swirl velocity (X-component) along the stack. The ﬂow in the stack was along
Y-direction and the plots were plotted on the lines along Z-direction, thus the swirl component is the velocity
component along the X-direction. The positive component indicates the ﬂow direction outward to the paper
and the negative component indicates the ﬂow direction into the paper. Fig. 11(a) shows variation of swirl
velocity for no baﬄe case, a high swirl velocity was observed at the entrance of the stack indicated by a posi-
1.5D 2D 8D5D 11D 14D 17D
Y
Z
X
Fig. 9. Axial velocity (Y-Component) proﬁles along the stack length for (a) no baﬄe, (b) 0, (c) 20, (d) 30, and (e) 40 baﬄe case at axial
locations of 1.5, 2, 5, 8, 11, 14, and 17 diameters downstream.
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shows the variation of swirl velocity for 0 baﬄe case. Introduction of a zero degree baﬄe results in a decrease
of the magnitude of the swirl component along the axis when compared to no baﬄe case. In no baﬄe and 0
baﬄe positions, change in ﬂow direction from positive to negative and negative to positive was observed at the
entrance, which indicates the existence of the strong swirl ﬂow. Fig. 11(c)–(e) shows the variation of swirl com-
ponent for 20, 30, and 40 baﬄe positions, respectively. A relatively low swirl component was observed at
the entrance of the stack.
Fig. 12 shows the variation of swirl component along the stack axis for diﬀerent baﬄe positions with turn-
ing vanes included in the geometry. Introduction of these vanes guides the ﬂow entering the stack and there-
fore the swirl component becomes almost negligible on the inner side of the stack. For the cases with turning
vanes, the swirl component was observed to be almost negligible beyond 5D. This reduction in the swirl com-
ponent reduces the pressure loss coeﬃcient.
According to Figs. 9–12, turning vanes appeared to help organize the ﬂow ﬁeld in terms of reducing the swirl
component and the acceleration near the outer wall at the entrance. However, both measurements and numer-
ical simulations indicated the pressure loss coeﬃcient was higher when the turning vanes were installed. To
understand why this happened, Fig. 13 shows the contour plots of turbulence kinetic energy for thirty degree
1.5D 2D 8D5D 11D 14D 17D
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X
Fig. 10. Axial velocity (Y-component) deviation proﬁles along the stack length for (a) no baﬄe, (b) 0, (c) 20, (d) 30, and (e) 40 baﬄe
case with turning vanes at axial locations of 1.5, 2, 5, 8, 11, 14, and 17 diameters downstream.
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turning vanes when compared with the cases without turning vanes. These zones were due to the increased shear
ﬂow induced by the turning vanes upon the introduction of vanes. The reduction in the pressure loss coeﬃcient
associated with the introduction of turning vanes, which help in guiding the ﬂow by reducing the ﬂow acceler-
ation and swirl component, was nulliﬁed by the increased skin friction upon the introduction of vanes. There-
fore any gain in the reduction of the wake friction was nulliﬁed by increased skin friction losses.
Fig. 14 shows the variation of turbulence kinetic energy along the stack axis for diﬀerent baﬄe positions. As
high turbulence kinetic energy in the proﬁles indicates the existence of high velocity gradients and shear ﬂow,
high turbulence kinetic energy was observed at the entrance of the stack for diﬀerent baﬄe positions. In no
baﬄe case, at a depth of 1.5D, two peaks in the proﬁle were observed – one near the inner wall and one near
the outer wall. The peak near the outer wall was due to the ﬂow acceleration, and peak near the inner wall was
associated with the shear layer due to the presence of back ﬂow. Gradual decrease in the peak height near the
outer wall was observed with the increase in the baﬄe angle. This indicates the gradual decrease in the ﬂow
acceleration near the outer wall with increase in baﬄe angle. The peak near the inner wall was not aﬀected by
the introduction of baﬄe, which indicates that the baﬄe does not help in decreasing the back ﬂow. A gradual
reduction in the turbulent kinetic energy proﬁle was observed along the axis of the stack, which indicates the
reduction of the velocity gradients along the depth of the stack.
1.5D 2D 8D5D 11D 14D 17D
Y
Z
X
Fig. 11. Swirl velocity (X-component) deviation proﬁles along the stack length for (a) no baﬄe, (b) 0, (c) 20, (d) 30, and (e) 40 baﬄe
case at axial locations of 1.5, 2, 5, 8, 11, 14, and 17 diameters downstream.
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tions with turning vanes. Similar turbulent kinetic energy proﬁles were observed for all cases, with only one
peak near the inner wall near the entrance. This suggested that the turning vanes didn’t have much inﬂuence
on the back ﬂow near the inner wall. The absence of the peak near the outer wall indicates the reduction in the
ﬂow acceleration near the outer wall due to turning vanes. In all the cases, beyond 8D the ﬂow became almost
axi-symmetric and the turbulence kinetic energy became negligibly small, indicating the ﬂow had recovered
from the direction change and become fully developed, and the inﬂuence of the entrance had vanished.
4.2. Pressure loss reduction mechanism
The numerical results provide a detailed data with which the results can be analyzed to understand the
mechanism for the pressure loss reduction in the stack model. By observing the variation of ﬂow properties
for no baﬄe case, it was found that the high pressure loss coeﬃcient was associated with the strong swirling
motion, high velocity gradients, and shear ﬂow at the entrance. Introduction of 0 baﬄe does not help much in
reducing the pressure loss coeﬃcient value because of the sudden change in ﬂow direction and direct impinge-
ment of the ﬂuid on the outer wall. Introduction of baﬄe at an angle guides the ﬂuid entering by reducing the
swirl ﬂow, strong shear, and direct impingement, which results in reduction of the pressure loss coeﬃcient
value.
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Fig. 12. Swirl velocity (X-Component) proﬁles along the stack length for (a) no baﬄe, (b) 0, (c) 20, (d) 30, and (e) 40 baﬄe case with
turning vanes at axial locations of 1.5, 2, 5, 8, 11, 14, and 17 diameters downstream.
Fig. 13. Turbulence kinetic energy contour plots (a) 30, baﬄe case and (b) 30 baﬄe case with turning vanes.
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Fig. 14. Turbulent kinetic energy deviation proﬁles along the stack length for (a) no baﬄe, (b) 0, (c) 20, (d) 30, and (e) 40 baﬄe case at
axial locations of 1.5, 2, 5, 8, 11, 14, and 17 diameters downstream.
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angle, the baﬄe itself introduces additional resistance to the ﬂow resulting in increase in loss coeﬃcient value.
Though further reduction in the swirl component and ﬂow acceleration was achieved along the stack axis by
introduction of turning vanes, the relative gain obtained in reduction of pressure loss coeﬃcient was nulliﬁed
by the increased shear ﬂow induced by the turning vanes.
Introduction of baﬄes and turning vanes reduced the pressure loss coeﬃcient associated with swirling
motion and ﬂow acceleration near the outer wall of the stack. Evidence shows they have done little in reducing
the separation region at the sharp turning of the entrance near the inner wall of the stack. This separation
region contributes signiﬁcantly to the total pressure loss in the stack. Thus, further reduction in the value
can be achieved by reducing the back ﬂow or ﬂow separation region at the entrance of the stack. Therefore,
it can be recommended to the power industry that the introduction of baﬄe at 30 at the entrance of the stack
reduces the total pressure loss coeﬃcient along the duct work.
5. Parametric studies
After conﬁrming that both numerical and experimental results follow the same trend in variation of pres-
sure loss coeﬃcient with various baﬄe positions, the numerical model was used to identify the optimum design
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Fig. 15. Turbulence kinetic energy proﬁles along the stack length for (a) no baﬄe, (b) 0, (c) 20, (d) 30, and (e) 40 baﬄe case with
turning vanes at axial locations of 1.5, 2, 5, 8, 11, 14, and 17 diameters downstream.
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not helpful in decreasing the pressure loss coeﬃcient value, parametric studies were conducted for diﬀerent
baﬄe positions only.
To study the relationship between the pressure loss coeﬃcient values with the change in Reynolds number,
a parametric study was performed with twice the mass ﬂow rate imposed at the outlet boundary condition in
the numerical study presented in Sections 3 and 4. In reality, the stack inlets are connected to the boilers and
the mass ﬂow rate in all the eight inlets are almost equal, thus another parametric study was performed by
imposing equal mass ﬂow rates at all the eight inlets.
These two parametric studies were performed using the same numerical model but with diﬀerent boundary
conditions. In the parametric study with double mass ﬂow rate, a zero Pascal total pressure was imposed at the
inlet. A negative pressure was imposed at the pressure outlet while two times the mass ﬂow rate was imposed
as the target mass ﬂow rate at the outlet.
In the other parametric study, in order to impose equal mass ﬂow rate at the eight inlets, ‘‘mass-ﬂow-inlet’’
boundary condition was imposed at inlets. Mass ﬂow rate obtained from experimental analysis was distributed
equally to all eight inlets. No pressure or velocity information was needed at the inlets and the turbulence was
speciﬁed using the intensity and length scale method. At the outlet of the stack, a zero Pascal static pressure
was imposed as required by the solver and pressure in the domain will be calculated relative to this pressure.
No other variables need to be speciﬁed at the outlet.
Table 2
Comparison of pressure loss coeﬃcient value for diﬀerent baﬄe angles and diﬀerent mass ﬂow rates (MFR)
Baﬄe position Loss coeﬃcient C
Experimental measurements Numerical method
MFR 2 ·MFR
No baﬄe 9.57 8.28 8.33
0 Baﬄe 8.98 7.71 7.81
20 Baﬄe 8.91 7.33 7.32
30 Baﬄe 8.85 7.20 7.20
40 Baﬄe 9.06 7.25 7.25
Table 3
Inlet and outlet mass ﬂow rates for no baﬄe case
Plane MFR 2 ·MFR
Mass ﬂow rate, kg/s % of the total mass ﬂow rate Mass ﬂow rate, kg/s % of the total mass ﬂow rate
Inlet 1 0.129 7.3 0.257 7.3
Inlet 2 0.202 11.4 0.401 11.4
Inlet 3 0.261 14.8 0.522 14.8
Inlet 4 0.284 16.1 0.568 16.1
Inlet 5 0.286 16.2 0.573 16.2
Inlet 6 0.268 15.2 0.537 15.2
Inlet 7 0.207 11.7 0.413 11.7
Inlet 8 0.129 7.3 0.258 7.3
Outlet 1.766 3.532
Table 4
Pressure loss coeﬃcient for diﬀerent baﬄe angles with equal mass ﬂow rate at eight inlets
Baﬄe position Pressure loss coeﬃcient C
No baﬄe 8.15
0 Baﬄe 7.47
20 Baﬄe 7.29
30 Baﬄe 7.23
40 Baﬄe 7.27
M. Lakshmiraju, J. Cui / Applied Mathematical Modelling 31 (2007) 1915–1933 1931The pressure loss coeﬃcients obtained for the cases with twice the mass ﬂow rate for diﬀerent baﬄe posi-
tions were compared to the experimental and numerical results and are shown in Table 2. A similar trend of
decrease and increase in the pressure loss coeﬃcient value was observed with varying baﬄe positions and there
was no signiﬁcant change in the pressure coeﬃcient value with variation of mass ﬂow rate in the stack. Table 3
compares the inlet and outlet mass ﬂow rates for the original and twice the mass ﬂow rate cases. From Tables 2
and 3, it can be concluded that pressure loss coeﬃcient does not depend on the mass ﬂow rate.
Pressure loss coeﬃcients with equal mass ﬂow rate at eight inlets for diﬀerent baﬄe positions were calcu-
lated and the values were shown in Table 4. Similar trend of decrease and increase in the pressure loss coef-
ﬁcient value with varying baﬄe angles was observed. Again, the 30 baﬄe angle was found to be optimum
with equal mass ﬂow rates at inlets.
6. Conclusions
In this paper, numerical analyses were performed on the 1:40 scale model of the power plant stack in order
to obtain optimum design in terms of pressure loss coeﬃcient. This is achieved by introduction of baﬄes and
turning vanes at the entrance of the stack model.
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duced at the entrance of the stack. Experimental results conﬁrmed that the introduction of a baﬄe reduces the
pressure loss coeﬃcient and an optimum baﬄe angle was found to be 30. Turning vanes were introduced at
the entrance of the stack with 30 optimum baﬄe angle. It was found that the introduction of turning vane was
not helpful in decreasing the pressure loss coeﬃcient value.
Numerical modeling of the power plant stack model with baﬄes and/or turning vanes was performed using
a commercial CFD package, Fluent. Two equation standard k–e turbulence model was considered and a seg-
regate implicit solver was selected.
The code was validated against the experimental results. Though the numerical results obtained had certain
discrepancies with that of the experimental, a similar trend of decrease and increase in the pressure loss coef-
ﬁcient value was observed with variation in baﬄe angle. This discrepancy was attributed to the minor diﬀer-
ences in the geometries, turbulence model used in numerical approach, and the mesh size. Numerical analysis
also conﬁrmed that introduction of baﬄes reduces the pressure loss coeﬃcient and an optimum baﬄe angle
was found to be 30.
To understand the mechanism for the pressure loss reduction in the stack model, variation of axial velocity,
swirl component, and turbulent kinetic energy was presented. The introduction of a baﬄe at an angle guides
the ﬂuid entering by reducing the swirl component and ﬂow acceleration, which results in reduction of the
pressure loss coeﬃcient value. A decrease in the loss coeﬃcient value was observed until an optimum baﬄe
angle of 30 and after an optimum baﬄe angle, the baﬄe itself introduces additional resistance to the ﬂow
resulting in increase in loss coeﬃcient value. Introduction of turning vanes further reduced the magnitude
of swirl ﬂow and ﬂow accelerations, but the gain associated with this was nulliﬁed by the increased shear ﬂow
induced by turning vanes. It was observed that the baﬄe and turning vanes have a minor eﬀect on separation
region at the sharp turning of the entrance near the inner wall of the stack. This separation region contributes
signiﬁcantly to the total pressure loss. Thus, further reduction in the pressure loss coeﬃcient value can be
achieved by modifying the geometry at the entrance near the inner wall of the stack (for example, using bend)
in order to reduce the back ﬂow region. For example, as reported in [6] and [8], a 90 pipe bend only introduces
a pressure loss coeﬃcient of 0.3, while the current best design with a sharp turning corner and a 30 baﬄe
produces a loss coeﬃcient of 1.7, deﬁnitely there is a lot of room for further improvement.
A parametric study was performed with double the mass ﬂow rate to study the relationship of the pressure
loss coeﬃcient value with the change in the Reynolds number. Another parametric study was performed by
imposing equal mass ﬂow rates at all the eight inlets. All numerical simulations conﬁrm that 30 baﬄe position
was the optimum baﬄe angle in terms of pressure loss coeﬃcient. These results also conﬁrm that that the loss
coeﬃcient value was independent on Reynolds number and applicable to the actual power plant system.
The numerical results obtained from this study provided detailed information of the ﬂow ﬁeld in the stack,
based on which physical insights were obtained and better understanding of the complex ﬂow phenomena was
achieved. This study demonstrated that the combination of experimental and CFD approach can be an eﬀec-
tive tool in the research of pressure loss reduction in a power plant stack.
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